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ABSTRACT

The properties of C/SiCN nanocomposites synthesized by thermal decomposition of
polymer precursors were studied in this work. The novel polymer-to-ceramic process enables us
to tailor the ceramic structure in atomic level by designing the starting chemicals and pyrolysis
procedures. It is of both fundamental and practical significance to investigate the properties and
structures relationship of the nanocomposites. In this work, we explored their application
potential in using as anode of lithium-ion secondary batteries.
The structure and structural evolution of C/SiCN nanocomposite were investigated by
using XRD, FTIR, SEM, TEM, Solid state NMR and Raman spectroscopy. The results revealed
the nanocomposites consisted of amorphous SiC xNx-4 matrix and carbon nanoclusters distributed
within it. The size of the carbon was measured by Raman spectroscopy, varied with starting
chemicals and pyrolysis temperature.
The electronic properties of the C/SiCN nanocomposite were studied by measuring the IV curves and a.c. impedance. The d.c. conductivity increased with carbon content and pyrolysis
temperatures. The impedance spectra and fitted equivalent circuit results confirmed the existence
of two phases in the nanocomposite.
The possibility of using C/SiCN as anode in lithium-ion secondary batteries was
investigated by electrochemical measurements, namely cyclic voltammetry, galvanostatic cyclic
test and electrochemical impedance spectroscopy. The galvanostatic measurements showed that
the nanocomposite with 26% of carbon nanoclusters exhibited a specific capacity of 480 mAh/g,
iii

which is 30% higher than that of commercial graphite anode. The high capacity of the
nanocomposites is attributed to the formation of a novel structure around C/SiCN interface. The
excellent electrochemical properties, together with the simple, low-cost processing, make the
nanocomposites very promising for Li-ion battery applications.
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CHAPTER ONE: INTRODUCTION

1.1 Overview

Polymer-derived ceramics (PDCs) are a new class of materials synthesized by thermal
decomposition of polymer precursors [1]. These materials possess many advantages
overwhelming the conventional ceramics, including lower synthesis temperature, less impurity,
homogeneous elemental distribution and cost efficiency. The ceramics obtained are
predominantly amorphous in nature, consisting of silicon, carbon and nitrogen with a certain
amount of carbon clusters distributed in the random network matrix. One attractive feature of
PDCs is the tunable compositions and structures by manipulating the starting precursors and
processing conditions. Other elements such as Boron (B) [2] and Aluminum (Al) [3] can be
incorporated into the network due to the chemical-to-ceramic route. The added elements impart
PDCs with unique properties as high thermal stability [2], high creep resistance [4, 5] and
tunable electric behaviors[6-8] and excellent oxidation/corrosion resistance [9-12]. It has been
demonstrated that the free carbon phase plays a key role in determining the properties of PDC
[13]. The addition of extra carbon into the network is one way to thoroughly understand the
1

nature of carbon in PDCs. In the present work, the structures and properties of self-assembled
C/SiCN ceramics were studied.

1.2 Outline of dissertation

The dissertation is organized as follows:

Chapter 2 Background information about PDCs and LIBs was provided. An overview of
the literature on PDCs’ structure evolution and current lithium battery anodes was presented.

Chapter 3 Synthesis and characterization of C/SiCN nanocomposites, include fabrication
process and structural evolution investigation by using Raman spectroscopy, NMR and EPR.

Chapter 4 Electronic properties of C/SiCN nanocomposites, such as D.C conductivity,
impedance spectra and dielectric properties, were studied.

Chapter 5 Electrochemical properties of C/SiCN nanocomposites were investigated. The
potential of C/SiCN used as anode in lithium batteries were inspected by cyclic voltammetry and
galvanostatic cyclic tests. EIS were conducted to determine the Li-ion diffusion behavior in the
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composites and the structure change before and after charge/discharge process. A model was
developed explain the high capacity performance of the as-obtained composites.

3

CHAPTER TWO: BACKGROUND AND LITERATURE REVIEW

2.1 Polymer derived ceramics (PDCs)

2.1.1 Process of fabricating PDCs

Conventionally, silicon carbide or nitride based ceramics are obtained by powder-based
processing, which requires high temperature and sintering aids. The sintering additives form
second phase in the matrix which impair the physical and mechanical properties of the materials.
Polymer to ceramic route is one promising method producing bulk PDCs. In 1991, Ralf Riedel et
al. first reported the processing of dense bulk polymer derived ceramics [1]. This process
includes the following steps as shown in figure 1.

Figure 1: Processing steps of synthesis PDCs.
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The cross linking and compaction are the key steps to get a high-dense final product. The
dense pre-ceramic compact powder is also required in aid of the crack-free ceramic. This process
overcomes the impaired thermal and physical properties caused by the sintering additives. The
direct transformation of precursor to ceramics yields the final bulk density of 93% [14].

Recently, fully dense ceramics are obtained in An’s group with a photo-catalyst route
[15]. In this processing, the cross-linked polysilazane are initiated by the addition of a
photoinitiator to the precursor. The following procedures are the same as the press powder route.

2.1.2 Structure and structural evolution

The structure and structural evolution during pyrolysis procedure of polymer derived
SiCN ceramics have been studied extensively in the last decades. A variety of analysis methods
are applied in unraveling the mysterious structure nature of this kind of materials. These methods
include TEM, solid state NMR, EPR, SXAS, EELS and Raman spectroscopy. Upon pyrolysis of
the precursors such as carbon-rich polysilazanes, polycarbosilanes, polysiloxanes and
polycarbodiimides, the polymer releases primarily hydrogen at 1000 °C, leaving behind excess
carbon in the amorphous ternary Si-C-N network. When annealed at higher temperature, the
5

amorphous SiCxN4-x network partly or completely transfers to more thermodynamically stable
phase of SiC, Si3N4 and free carbon [13, 16-25]. The excess carbon atoms are bonded to adjacent
carbon atoms by sp2-hybridization. Composition of the starting precursor as well as the different
substitutes attached to the silicon atoms and the annealing process affect the structural
rearrangement of the amorphous network [16, 17, 22, 25].

The formation and nature of incorporated free carbon in the microstructure is addressed
by several groups [16, 20, 22, 24, 25] because of its significant effect on the structural evolution
and on the thermal stability of the material as well. In the work of Kleebe [25], TEM was
employed to characterize high-temperature annealed crystallization behavior. The direct imaging
is difficult to obtain, since the small sized carbon clusters are embedded in the amorphous matrix.
However, much work [16-18, 21, 22, 25] has confirmed that the free carbon is detected clearly
by Raman spectroscopy, with size in the region of 1 ~ 2 nm. In Trassl et al.’s work (figure 2),
HVNG-derived SiCN ceramics was annealed between 1000 °C and 1700 °C, and the
corresponding Raman spectroscopy was recorded. D-band and G-band centered about 1280 and
1600 cm-1 were observed for the samples pyrolzed over 1000 °C, and the intensity of these bands
increases with rising temperature until 1500 °C. D and G bands are the most representative
feature of disordered carbon. The intensity ratio of ID/IG slightly increases between 1200 °C and
6

1500 °C. These two bands disappear after 1600 °C rising with two new bands at about 830 and
920 cm-1 corresponding to β-SiC, indicating the formation of crystalline SiC by the consumption
of free carbon.

Figure 2: Raman spectroscopy of SiCN pyrolzed at temperatures between 1000 °C and 1700 °C
in N2 atmosphere.
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Figure 3: (a) 29Si- and (b) 13C-NMR spectra of the SiCN pyrolzed in increasing temperatures
between1000 °C and 1700 °C.

Trassl’s other work [26] on solid state NMR also illustrated the structure of SiCN in
addition to Raman spectroscopy. The

13

C spectrum (figure 3) confirmed the free carbon by one

peak at about 135 ppm corresponding to sp2-carbon domains. Rearrangement of the amorphous
state is also evident by the formation of CSi4 and SiN4 at 1200 °C shown from the appearance of
a peak at 28 ppm in

13

C spectrum, and SiC4, SiN3C and SiN4 corresponding to three signals
8

centered about 15, 30 and 48 ppm. After 1500 °C, more thermally stable crystalline phases SiC
(~16ppm) and Si3N4 (~48ppm) are favored.

2.1.3 Properties of PDCs

The polymer-derived SiCN ceramics exhibit high temperature thermal stability [2] (figure
4), high creep resistance [5] (figure 5) and excellent oxidation/corrosion resistance [12] (table 1,
figure 6 and 7).

PDCs are predominately amorphous up to ~1500 °C when annealed in oxygen-free
atmosphere. Figure 4 shows weight loss versus temperature, suggesting SiBCN is stable at
temperature as high as 2000 °C.

SiCN ceramics exhibited similar oxidation resistance to conventional silicon carbide and
silicon nitride, however, aluminum doping in SiCN enhanced the oxidation and corrosion
resistance by orders over that of SiC and Si3N4.

9

Figure 4: Thermal gravimetric analysis of polycrystialline Si3N4, SiCN and SiBCN. Weight loss
versus temperature is shown, suggesting SiBCN is stable at temperature as high as 2000 °C.
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Figure 5: Comparison of the viscosity (stage II) of Si(B)CN with that of SiCN and silica. It
showed that the addition of boron to SiCN enhances the creep resistance by several orders of
magnitude.
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Table 1: Comparison of oxidation rates and lattice parameters of cristobalite between different
silicon-based ceramics. The SiAlCNs exhibit an order of magnitude lower oxidation rates than
that for pure silicon carbide/nitride.

Figure 6: SEM images of surfaces of (a) SiCN, (b) SiAlCN-07, and (c) SiAlCN-14 after
corrosion test in NaCl, annealed at 1200 ºC for 50 hrs. The SiAlCN-14 shows no detectable
corrosion with smooth featureless surface.

12

Figure 7: SEM images of surfaces of (a) SiCN, (b) SiAlCN-07, and (c) SiAlCN-14 after
annealing in 100% water vapor of 1 atmosphere pressure at 1200 ºC for 50 hrs. Again, the
SiAlCN-14 is smooth and shows almost no detectable corrosion.

2.2 Electrical properties of PDCs

2.2.1 D.C electrical conductivity of PDCs

Previous studies [7, 17, 27-32] have shown that the electrical properties of PDCs follow
amorphous semiconductor behavior basically. The first D. C electrical conductivity measurement
was carried out by Mocaer et al. [28] In their work, the growth of dehydrogenated aromatic
carbon and its local arrangement as cage-like structures around SiC-crystallites are attributed to
the conductivity dependence on pyrolysis temperature. Haluschka et al. [30] also investigated the

13

conductivity mechanism in SiCN ceramics. They divided the results in three regions according to
pyrolysis temperatures (figure 8):

1) 1000 ~1300 ºC: in this region, the amorphous material showed a semiconductor
behavior with a T-1/4 dependence. They assume the enhanced conductivity was due to increasing
sp2-/sp3-ratio of the carbon atoms.

2) 1300~1600 ºC: as nano-crystalline SiC particles arise in this temperature region, the
formation of percolation paths was responsible for the increasing conductivity.

3) ＞1600 ºC: the samples were completely crystalline above 1600 ºC, the conductivity
behavior of nitrogen doped β-SiC was followed.

14

Figure 8: Electrical conductivity σd.c. of amorphous silicon carbonitride ceramics depending on
the annealing time and the annealing temperature.

Trassl et al. [32] described the conductivity of SiCN ceramics into two categories. In
temperature range between 775 and 1200 ºC, the electrical conductivity followed Mott law, in
which variable range hopping determined this behavior. At temperatures higher than 1200 ºC,
charge carriers in the conducting band determined the temperature dependence of the d.c.conductivity and an Arrhenius behavior follows:

(2-1)

15

(2-2)

where ΔE is the energy gap between Fermi level and conducting band.

Figure 9 (a, b): Plotting log (σd.c.) versus T-1/4 (Mott law) and T-1 (Arrhenius law) reveal good
agreement for samples pyrolysed at temperature 700~1200 ºC and above 1200 ºC, respectively.
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Furthermore, the conductivity can be increased by doping other elements [6, 8, 12]. The
SiBCN [6] ceramics have significantly higher conductivity ( = 10 cm at room temperature)
than the SiCN ceramics ( = 107

cm).

Figure 10: Conductivity variation with temperature for SiBCN ceramic (2:1) annealed at 1550 °C
for 10 hrs in nitrogen. The sample showed conductivity as high as 0.1 Ω-1 cm-1 at ambient
temperature.

2.2.2 Dielectric behavior of PDCs

17

Dielectric material is an electrical insulator that can be polarized by an applied electric
field [33]. When a dielectric is placed in an electric field, electric charges do not flow through
the material, as in a conductor, but only slightly shift from their average equilibrium positions
causing dielectric polarization. These include four different polarization modes: electronic and
ionic polarization, relaxation polarization, dipolar orientation polarization and space charge
polarization. All these polarizations take up different time, for instance, electrons are fast (1015

~10-16 s) in response to the electric field, so in high frequency range only the electronic

polarization contributes. In contrast, the establishment of space charge could take a very long
time ranging from a few seconds to couple of hours. Therefore, it corresponds to a low frequency
range. Because of dielectric polarization, positive charges are displaced toward the field and
negative charges shift in the opposite direction. This creates an internal electric field which
reduces the overall field within the dielectric itself. The ability of one material to polarize in an
electrical field can be described as dielectric constant in equation:

(2-3)

where

is dielectric constant, C is the capacitance of the capacitor with dielectric and

is the

capacitance of the capacitor without dielectric materials. Dielectric loss appears when

18

polarizations cannot follow up the frequency change of electric field, and the loss of energy goes
into heating. It can be expressed by equation:

(2-4)

where

is dielectric loss,

is active component and

is reactive component.

2.2.3 Impedance performance of PDCs

Impedance spectroscopy (IS) is a relatively new and powerful method of characterizing
many of the electrical properties of materials and their interfaces with electronically conduction
electrodes. In IS measurements, when electrical stimulus (voltage or current) is applied to the
electrodes, a response of resulting current or voltage will be observed. The most commonly used
electrical stimuli in IS is applying a single-frequency voltage or current to the interface and
measuring the phase shift and amplitude (real and imaginary parts) of the resulting current at that
frequency. Impedance is more general than resistance because it takes phase differences into
consideration. Any intrinsic property that influences the conductivity of an electrode material
system can be studied by IS. The parameters derived from IS, such as conductivity, dielectric
19

constant, mobility of charges, capacitance of the interface region and diffusion coefficient, may
often be correlated with many complex material variables: compositional influences on the
conductance of solids, dielectric properties, defects, microstructure and mass transport.

Usually a resistance (R) represents a conductive path, the dissipative component of the
material, while a capacitance (C) and inductance (L) describe the storage component of the
material, and they will be generally associated with space charge polarization regions and with
specific adsorption and electrocrystallization processes at an electrode. Then the experimental
impedance data may be approximated by an equivalent circuit made up of ideal resistors,
capacitors, inductors and other circuit elements.

2.3 Lithium-ion batteries (LIBs)

The fast development in HPEV and EV these years requires high performance battery to
meet its demands. In all possible energy sources, rechargeable batteries appear to be the most
practical power source. Among them, LIBs are the prime candidates with the high power and

20

energy density for the next generation energy storage [34] (figure 11). Much research has been
focused on LIB as one promising candidacy in application of the electronic devices.

Figure 11: Comparison of the different battery technologies.

2.3.1 Components of LIBs

A battery cell consists of anode and cathode, which are separated by an electrolyte
enabling the ion transformation between the two electrodes. Other important components include
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separator and cell packing. Though the batteries are usually shaped into various configurations
in order to meet the market demands, the main components remain the same (figure 12). Figure
13 [34] revealed the primary configurations of LIBs in today’s market.

Figure 12: Structure of a practical cell.
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Figure 13: Various shape and components of various Li-ion battery configurations. (a)
Cylindrical; (b) Coin; (c) Prismatic; and (d) Thin and Flat.

Lithium-ion batteries were originally termed "rocking chair" batteries (RCB) by Armand
[35]. The working principles of LIBs are universal, so we can see the most common example of
graphite anode and LiMOx cathode shown below [36] (figure 14):
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Figure 14: Lithium ion secondary battery charging-discharging mechanism.

When the battery is in charging state, Li+ will be extracted from cathode to anode [36], at
the same time, the electrons will also go through the external circuit to anode as charge
compensation. Finally, the battery reaches a lithium-rich anode and lithium-lack cathode state.
The discharge is the opposite direction of Li+ and electrons transportation. The reversible
insertion of lithium into the host carbon is referred to as “intercalation” [37]. The charging and
discharging reaction equations at both anode and cathode are described in table 2:
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Table 2: Electrodes reaction in lithium-ion batteries.
Anode Reaction
Charge
Discharge

x e- + x Li+ + 6C
LixC6

Cathode Reaction
LixC6

x e- + x Li+ + 6C

LiCoO2

x Li+ + Li1-xCoO2+ e-

x Li+ + Li1-xCoO2+ e-

LiCoO2

2.3.2 Performance of various anodes

Anode is one of the most important components in LIBs, and its properties would affect
the performance of the battery directly. The first choice of lithium battery anode was metal
lithium on account of its lowest electronegativity and highest theoretical capacity of 3860 mAh/g.
But the dendrites formation in the anode during charge/discharge process and the large
irreversible capacity make the battery unsafe and unrealistic to commercialize. It is crucial to
find lithium metal alternatives to develop high-energy rechargeable Li-ion batteries. In 1976,
Besenhard found Li can insert into graphite to form a compound named graphite intercalated
compound (GIC). This discovery led to the commercialized C/LiCoO2 rocking-chair cell [38] by
Sony Corporation in June 1991. A variety of other non-carbon materials are said to be suitable
replacements for Li-metal, but the basic properties which are desirable in anode materials are
identical: a) the ability to reversibly store and bind high quantities of lithium, in other words,
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high mass capacity (Wh/kg), and energy density (Wh/L); b) chemical inertness towards the other
battery components such as the lithium ions, the electrolyte salts and the electrolyte medium; c)
prolonged cycle life; d) minimum safety problems associated with formation of metallic lithium
clusters or agglomerates; and e) high reaction rate between the electrodes and electrolyte, thus,
fast charging and discharging rates; f) a high density which allows for volume efficiency [39].
The following summarized the most investigated anode materials.

2.3.2.1 Carbon anode

In the late 1980’s, electrochemical lithium intercalation which showed negative potential
close to lithium metal, less reactivity and good reversibility was found in carbon materials [37].
This indicated the potential possibility of using carbon as anode in lithium-ion batteries. In 1991,
Sony Energytech Inc. [38] first commercialized the lithium-ion rechargeable battery by using a
hard carbon (thermal decomposition product of polyfurfuryl alcohol resin (PFA)) as anode and
LiCoO2 as the cathode. After that, generations of carbon and non-carbon anode materials have
been proposed and tested. Graphite has capacity lower than the theoretical value 372 mAh/g,
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which is relatively small compared to high capacity hard carbons, but the long potential plateau
over almost the entire charge/discharge curve is a big advantage which does not exist for other
carbons. Up to now, graphite carbon anode is still the dominant one available on the market.
They have long cycle life, little hysteresis, abundant supply and low cost, but the energy density
is relatively low (372 mAh/g for graphite). Other drawbacks are the high cost of artificial
graphite and various safety concerns with natural graphite.

Non-graphitizable or hard carbon was first to replace Li-metal, they have many
advantages as well as disadvantages compared to graphitic materials. Hard carbons show larger
reversible capacity, good rate capabilities and lower cost of production [40]. However, they
suffer from three major deficiencies: low density, large irreversible capacity and hysteresis
between charge and discharge.

Combining the merit and demerit of both hard carbon and soft carbon, the composite
anode materials consisting of a mixture of hard carbon and MCMB have been investigated. The
results indicated higher density compared to hard carbon, higher rate capabilities and longer
cycle life compared to graphite.
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Aside from graphic and amorphous carbon, the detection of carbon nanotubes showed
some unique properties as anode materials of lithium ion batteries. For example, slightly
graphitized MWCNs exhibit a high capacity of 640 mAh/g during the first charge, after 20
charge/discharge cycles, the charge capacity fades to 65.3% of the original capacity. It displays a
hysteresis of about 1 V [41], which is nearly like the amorphous carbon.

Other ways to improve the electrochemical performance are by surface treatment,
including surface oxidation and surface coating, doping modification and ball milling. These
methods can improve the reversibility as well as the columbic efficiency in the first cycle to a
certain degree.

2.3.2.2 Alloy anode

Alloys have been under examination as alternative anode materials since Dey [42] in
1971 demonstrated the possibility of electrochemical formation of lithium alloys in organic
electrolytes.
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Alloy anodes are known for their high specific capacity and safety characteristics. There
are two major issues for the implementation of alloy anodes: 1) large volume change during
lithium insertion and extraction which often leads to pulverization and poor cycle stability; 2) the
first-cycle irreversible capacity loss of alloy anodes is too high for practical application.

The cause of first cycle capacity loss has been attributed to [43] (a) a loss of active
material, (b) SEI formation, (c) Li trapping in the host alloy, (d) reaction with oxide impurities
and (e) the aggregation of active particles. The approaches used for improving cycling
performance of alloy anodes include (a) multiphase composites, (b) porous anode structures, (c)
reducing active particle size, (d) intermetallic phases, (e) thin-film and amorphous alloys, (f)
cycling-voltage control and (g) binder and electrolyte modification.

2.3.2.3 Nanostructured composite anode

One way to buffer the large volume expansion during the lithium insertion and extraction
process as mentioned above is to use nanostructured composite [44]. The use of nanostructures
as anode is a popular approach in i) a higher interfacial area, this leading to higher
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charge/discharge rates; ii) shorter path lengths for Li+-ion transport, resulting in an increase in
power capabilities; and iii) accommodation of the strain of lithium insertion/removal, improving
the cycle life.

Silicon would be an alternative for carbon anode for it has the highest known theoretical
capacity (4200 mAh/g), but the severe capacity fade happens during initial cycling preventing it
from being commercialized. Intensive research has been conducted to assess the viability of
silicon as a replacement for graphite or carbon in Li-ion cells. Decreasing the Si particle size to
nanometers can help reduce capacity fading. To obtain improved cycle life, it’s essential to
disperse Si in a highly ductile matrix with a large plastic deformation region and a large fracture
stress value. Among the Si/C composite anodes prepared by different methods, one prepared by
Si deposition on graphite [45] was found to have a reversible capacity of 900 mAh/g after 100
cycles. But the process of thermal vapor deposition is too expensive for lithium battery
fabrication.

2.3.2.4 PDCs anodes
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As one of the most key components, anode materials have experienced several
breakthroughs since the first commercial LIB made by Sony Inc. in 1997.

Recently, Robert Kolb et al. [46] reported that the polymer-derived SiCN can be used as
a surface modification on graphite, and had high capacity when used as anode for lithium battery.
The composite had the reversible capacity as high as 474 mAh/g with good cycle performance.
They also measured the pure SiCN material which had discharge capacity below 44 mAh/g
(figure 15). This comparison indicates that the SiCN ceramic can be used to improve the
chemical and mechanical resistance of electrode materials in lithium ion batteries. Polymerderived ceramics can be easily changed in composition and structure by adjusting the starting
materials and processing conditions. Forming a composite with carbon, they should possess new
and improved performance in the electrochemical for lithium-ion batteries.
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Figure 15: Change of capacity after the first 50 cycles of 25VL20-75C powder sample pyrolysed
at 1050 °C compared to pure graphite powder vs. Li/Li+.
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CHAPTER THREE: SELF-ASSEMBLED C/SICN NANOCOMPOSITES

In this chapter, the process of fabricating C/SiCN nanocomposites is described, and the
obtained nanocomposites at different pyrolysis temperature were investigated by various
characterizations. SEM and XRD results showed the nanocomposites in the temperature range of
1000 °C ~ 1350 °C were primarily amorphous. Raman spectroscopy was used to characterize the
properties of free carbon distributed in the matrix.

3.1 Experimental procedure

3.1.1 Synthesis of C/SiCN nanocomposites

Commercially available polysilazane (VL20, Kion, Inc.) and divinylbenzene (DVB, 55%
mixture of isomers, Sigma-Aldrich) are used as precursors in preparation of C/SiCN composites.
VL20 is a pale yellow liquid thermal cure coating resin in the molecular formula shown in
figure16.
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Figure 16: Chemical structures of polysilazane (VL20) and divinylbenzene (DVB).

VL20 and DVB of desired ratio were first mixed with 1.0 wt. % thermal initiator
Dicumyl Peroxide (Acros Organics) under continuously stirring of 1000 rpm at room
temperature until the thermal initiator was totally dissolved. Then the resultant liquid was heattreated using the following procedure: 70 °C for 2 hrs and 120 °C for 12 hrs to obtain solid
precursor powders (figure 17). Annealing of the precursors was carried out in a tube furnace
under continuous nitrogen flow at temperature 1000 °C ~ 1350 °C for 2 hrs. The typical
pyrolysis procedure is shown in figure 18. In order to understand the effect of carbon
concentration on the electrochemical performance of the composites, four different
nanocomposites were prepared using the same procedure (table 3). The concentration of the
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carbon cluster within the composite was estimated from the pyrolysis behavior of pure VL20,
pure DVB and the VL20-DVB precursor. TGA results reveal that the weight loss of pure VL20
and DVB is consistent with those reported in literature; while the weight loss of the precursor
mixture is slightly lower than the sum weight loss of pure VL20 and DVB, suggesting that the
decomposition of DVB was constrained by the VL20 matrix. The carbon concentration can then
be calculated from TGA results. In brief, the total weight, wt of the resultant composite is equal
to the sum of those of the carbon cluster (wc) and the SiCN matrix (wm):

.

Assuming the ceramic yield of pyrolyzing VL20 is not affected by the presence of DVB cluster,
the weight of the SiCN matrix can be related to the weight, wVL20 of VL20 in the precursor
mixture by

, where γ is the ceramic yield of VL20 equaling to 72.5% [47]. The

volumetric fraction, Vc of the carbon cluster can then be calculated as,

Vc 

wc /  c
( wt  wVL 20 ) /  c

wc /  c  wm /  m ( wt  wVL 20 ) /  c  wVL 20 /  m

where

and

(3-1)

are the densities of the carbon cluster (2.2 g/cm3) and SiCN matrix (2.3 g/cm3),

respectively. By knowing the total weight of the resultant composite and the original weight of
VL20 in the precursor mixture, the volumetric fraction of the carbon cluster can be calculated
using Eq. (3-1).
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Figure 17: Synthesis procedure of C/SiCN nanocomposites.
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Figure 18: Pyrolysis procedures for C/SiCN nanocomposites.

Table 3: Precursors and resultant C/SiCN nanocomposites.
Sample
C/SiCN-00

VL20:DVB
(weight ratio)
100:0

Carbon concentration
(vol. %)
/

C/SiCN-01

85:15

10

C/SiCN-02

70:30

20

C/SiCN-03

60:40

27

C/SiCN-04

45:55

36

C/SiCN-10

0:100

/
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3.1.2 Structural characterization

The C/SiCN nanocompoites pyrolyzed between 1000~1350 °C in this work are primarily
amorphous, thus increase the difficulty for the structural characterization. Though the structure
of SiCN ceramics has been investigated intensively, there still exists uncertainty and controversy
over this issue. In this work, with aid of Fourier Transform Infrared Spectroscopy (FTIR),
Dynamic Light Scattering (DLS), SEM (Scanning Electron Microscope), TEM (Transmission
Electron Microscope), X-ray Diffraction (XRD) and RAMAN spectroscopy characterization
technologies, the precursor polymers, intermediates and the final nanocomposites were
thoroughly characterized.

FTIR is one useful tool to obtain an infrared spectrum which contains the information of
molecular absorption and transmission. The spectrum creates a molecular fingerprint of the
sample because no two molecular possess the same infrared spectrum. The functional group
variation of the starting polymer can be easily obtained by FTIR, and the results are
straightforward.
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DLS is a technique that can measure the size distribution of the particles or polymers in
the solution. When laser hits the particles in the solution, the scattering intensity fluctuates with
time. Then the scattered light undergoes either constructive or destructive interference by the
surrounding particles. Finally this scattering information is obtained with the intensity fluctuation.

The visual image of the morphology of the sample is obtainable by Electron Microscopes
such as TEM or SEM. TEM is one type of microscope that uses a particle beam of electrons to
illuminate the specimen and produce a magnified image. In our work, the morphologies of the
samples obtained were observed with scanning electron microscopy (SEM, Zeiss ultra 55) with
energy dispersive spectroscopy (EDS, Oxford unit). The high-resolution transmission electron
microscopy (HRTEM, Tecnai F30) was employed to further characterize the microstructure of
the as-synthesized products. Before the observation, the samples were dispersed in alcohol, then
dipped a Cu grid and dried. The crystal structures were analyzed by X-ray diffraction (XRD,
Bruker D8 Advance) with CuKα radiation.

Raman spectroscopy is a spectroscopic technique used to study vibrational, rotational,
and other low-frequency modes in a system [48]. It was first discovered by C.V. Raman in 1928
and resurged in recent years due to the improved sensitivity by new detectors. It is a powerful
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tool to characterize rovibrational structure of molecules. When illuminated with a laser beam, the
laser light interacts with molecular vibrations, phonons or other excitations in the system. The
wavelengths close to the laser line, due to elastic Rayleigh scattering, are filtered out while the
rest are collected on a detector, which corresponds to inelastic Raman scattering. In this case, a
photon excites the molecule from the ground state to a virtual energy state, and the energy
difference in the two states leads to the frequency shift from the excitation wavelength. If the
final vibrational state of the molecule is more energetic than the initial state, then the emitted
photon will be shifted to a lower frequency in order for the total energy of the system to remain
balanced. This shift in frequency is designated as a Stokes shift. If the final vibrational state is
less energetic than the initial state, then the emitted photon will be shifted to a higher frequency,
and is designated as an Anti-Stokes shift (figure 19) [49].
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Figure 19: Illustration of Raylei scattering and Raman scattering.

The information obtained by Raman spectroscopy is abundant: the characteristic Raman
frequencies can tell the composition of material, the changes in frequency of Raman peak will
determine stress/strain state of a material, the polarization and width of a Raman peak are
instructive information in determining crystal symmetry and quality of crystal, respectively.
Raman spectroscopy is a popular, nondestructive tool for structural characterization of carbons.
In our work, we utilized Raman as one efficient tool to estimate the carbon clusters in the
nanocomposite, and with its help developed the structural evolution.
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3.2 Results and discussion

3.2.1 Morphology

FTIR spectroscopy, conducted after two polymers reacted at 70 °C was used to measure
the functional group variation and the results are shown in figure 20. We found that the vinyl
stretching bands at 3083 cm-1 and 1593 cm-1 disappeared, suggesting the polymerization from
vinyl group reaction. The vinyl group of DVB is much more reactive than that of VL20, so at
relatively lower temperatures (70 °C in this case), crosslinking of DVB happened first. Small
clusters began to form at this temperature. At the higher temperature of 120 °C, VL20 started to
crosslink and finally formed the matrix in the composite.

DLS (figure 21) of C/SiCN-01 was performed after the heating of the two polymers at
70 °C in the reaction time ranging between 1 min and 10 min. The reaction started immediately
after heating, and the DVB started to form nano clusters of size between 5 nm and 10 nm. With
further heating, the clusters grew to larger size to 20 nm ~ 40 nm after 10 min reaction. The
particles of submicron size found after 10 min reaction is likely due to some vinyl groups of
VL20 reacted with that of DVB.
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Figure 20: FTIR of (a)DVB, (b)VL20, (c) C/SiCN-01, (d) C/SiCN-02 and (e) C/SiCN-04.
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Figure 21: Carbon cluster size distribution of C/SiCN-01 from DLS.
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The as-prepared C/SiCN nanocomposites with pyrolysis temperatures in the range of
1000~1350 °C have similar morphology. The typical SEM image is shown in figure 22. HRTEM
observations reveal that the C/SiCN products with different carbon content are all largely
amorphous. A typical image is shown in figure 23. Both the SEM and TEM observations are
consistent with XRD results (figure 24).

Figure 22: SEM image of the C/SiCN-02 nanocomposite pyrolyzed at 1200 °C.
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Figure 23: HRTEM image of the C/SiCN-02 nanocomposite pyrolyzed at 1200 °C.
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Figure 24: XRD analysis results of the C/SiCN composite with 10~40 wt. % pyrolized at
1200 °C.

3.2.2 Raman spectroscopy measurement

3.2.2.1 Carbon cluster size and distribution
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Figure 25 shows the Raman spectra of C/SiCN-01, C/SiCN-02, C/SiCN-03 and C/SiCN04 respectively, at the annealing temperature of 1000 °C. Figure 26 is the Raman spectra of
sample C/SiCN-02 in the annealing temperature range of 1000~1350 °C. All the spectra shown
here are after subtraction of polynomial order background. Two Raman bands were observed at
around wave numbers of 1350 and 1600 cm-1 for all spectra, which corresponded to D-band and
G-band found in carbon-related materials. These two bands are the most prominent feature in
determining the existence of disordered graphitic-like sp2-carbon.
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Figure 25: Raman spectra of C/SiCN-01, C/SiCN-02, C/SiCN-03 and C/SiCN-04 pyrolyzed at
1000 °C.
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Figure 26: Raman spectra of C/SiCN-02 at different annealing temperature at 1000-1350 °C.

To understand the relationship of Raman spectrum and the structure of the materials
better, let’s retrospect the first graphite Raman spectroscopy reported by F. Tuinstra and J. L.
Koenig [50]. As they described, the Raman spectrum of graphite consisted of two bands: G-band
which was found around 1580 cm-1, corresponding to a characteristic vibrational mode of the
hexagonal lattice of graphite, and a disorder related D-band around 1350 cm-1. Usually the
Raman spectra of amorphous carbons are dominated by these two featured bands. G mode is a
bond-stretching vibration of a pair of sp2 sites, and occurs whether the sp2 sites are arranged as
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olefinic chains or aromatic rings [51, 52]. This mode is present and not limited to six-fold
symmetry arranged sp2 sites. The D mode is an A1 g breathing vibration of a 6-fold aromatic ring.
This mode is forbidden in perfect graphite and only becomes active in the presence of disorder. It
occurs only when sp2 sites are in aromatic rings [52] (figure 27). Another feature of the spectra is
T peak is due to the C-C sp3 vibrations and appears only in UV excitation, which is not
considered in our work.

Figure 27: E2g G mode and A1g breathing D mode.

The presence of D-band and G-band in the spectrum indicates that at least a significant
fraction of carbon atoms are bonded as ring-like configurations [23]. In addition, the sp2 carbon
cluster size can be estimated by I(D)/I(G) ratio according to the well-known Tuinstra-Koenig
relation:
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(3-2)

where

depends on the wavelength of the incident beam used. For the beam used in this

study (532 nm),

is 49.5 Å. Recently a more accurate equation was raised as: [52-54] :

La (nm)  (2.4 x10 10 )l4 (

IG
)
ID

(3-3)

where I(D) and I(G) are the integrated intensities of the D and G bands, respectively; and

is

the laser line wavelength. The measured domain size of the carbon clusters are summarized in
table 4.

Table 4: Calculated carbon cluster size La of C/SiCN nanocomposites annealed at different
temperatures.
C/SiCN-01

C/SiCN-02

C/SiCN-03

C/SiCN-04

1000 °C

2.16 nm

1.98 nm

1.90 nm

1.91 nm

1100 °C

1.92 nm

2.03 nm

2.05 nm

1.85 nm

1150 °C

1.92 nm

1.92 nm

1.99 nm

1.99 nm

1200 °C

1.68 nm

1.65 nm

1.69 nm

1.71 nm

1250 °C

1.77 nm

1.77 nm

1.68 nm

1.78 nm

1300 °C

1.79 nm

1.86 nm

1.73 nm

1.87 nm

1350 °C

1.73 nm

1.56 nm

1.55 nm

1.85 nm
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Figure 28: Calculated carbon cluster size distribution of C/SiCN-01, C/SiCN-02, C/SiCN-03 and
C/SiCN-04 respectively, at the annealing temperature in the range of 1000-1350 °C.

The free carbon domain size La was evaluated according to equation (3-3) from
measured I(D) to I(G) intensity ratios. The results calculated of C/SiCN-01, C/SiCN-02,
C/SiCN-03 and C/SiCN-04 in the temperature range of 1000-1350 °C are summarized in table 4,
and illustrated in figure 28. The carbon sizes of all samples showed the similar trend of variation.
At temperatures below 1150 °C, the carbon size scattered with no obvious pattern. But when
annealed at higher temperature between 1150-1200 °C, the size of carbon dropped suddenly to
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around 1.7 nm for al compositions. With further heating to between 1200 °C and 1300 °C, the
carbon size kept growing and dropped again at 1350 °C.
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Figure 29: Carbon size variation at annealing temperatures of 1000-1350 °C of C/SiCN-03.

In order to state clearly of the effect of carbon cluster on the structure, the carbon size
variation at annealing temperatures of 1000-1350 °C of C/SiCN-03 is plotted in figure 29. The
carbon cluster has the largest size of 2.05 nm at 1100 °C, and then decreased to a lowest value of
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1.69 nm at 1200 °C and 1250 °C. It is probably due to the carbon dissolved back to the SiCN
matrix and formed more dangling bonds, which contributes to the higher conductivity at higher
temperatures discussed in the following chapter. The decreasing tendency of the carbon size is
interrupted at 1300 °C. The size is 1.73 nm, slightly larger than that at 1200 °C. The reason is not
clear yet, but one possible reason could explain this phenomenon is that sp 3 carbon from the
matrix changes to sp2 carbon to form a larger cluster. The variation tendency is similar with that
of the capacity change, which will be stated in detail in chapter 5.

3.3 Summary

C/SiCN nanocomposites were synthesized with different carbon concentration in the
temperature range of 1000 ~ 1350 °C. The structural characterizations showed the
nanocomposites were amorphous in nature, and composed of two phases of SiCN matrix and
free carbon clusters.

Free carbon phase is distributed uniformly inside the matrix, and the size varied with
increasing pyrolysis temperatures. The structure of carbon was rearranged between the matrix
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and carbon cluster, and the size changed accordingly. The carbon clusters have a significant
effect on the electrical and electrochemical behaviors, which is elaborated in chapter 5.
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CHAPTER FOUR: ELECTRONIC PROPERTIES OF C/SICN
NANOCOMPOSITES

The aim of this chapter is to study the electronic properties of C/SiCN nanocomposites.
The D.C conductivity of C/SiCN was measured by I-V curve at room temperature, and the
impedance and dielectric measurements were carried out by LCR meter in the frequency range of
100~2 MHz. The results show that the D.C. conductivity of SiCN ceramics increased with
increasing annealing temperature and carbon concentration, as expected. The impedance spectra
indicate the intrinsic structure and their evolution with temperature and composition.

4.1 D.C conductivity

4.1.1 Experimental procedure

The C/SiCN precursors were prepared by mixing VL20 and DVB of ratio in table with
1.0 wt. % thermal initiator Dicumyl Peroxide (Acros Organics) under continuously stirring of
1000 rpm at room temperature until the thermal initiator was totally dissolved. Then the resultant
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liquid was heat-treated using the following procedure: 70 °C for 2 hrs and 120 °C for 2 hrs to
obtain solid precursors. The fine powders were obtained by high-energy ball milling for 30
minutes, and then compressed into discs in stainless die. The final C/SiCN nanocomposites were
obtained by annealing in a tube furnace under continuous nitrogen flow at temperature 1000 °C ~
1300 °C followed by the procedure in figure 18. Both sides of samples were polished by 1200
grit SiC grinding paper and coated with silver paste. After drying in air, the D.C conductivities
were carried out all in room temperature. The setup device is shown in figure 30. Impedance and
dielectric constant measurements were carried out by LCR meter (Model E4980) over a
frequency range of 100 Hz ~ 2 MHz.

Figure 30: D.C conductivity measurement setup for C/SiCN nanocomposite.
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4.1.2 Results and discussion

I-V curves of C/SiCN samples pyrolyzed at 1000 ºC are shown in figure 31. I-V curves
for all of the samples are straight lines, suggesting they exhibit typical ohmic behavior. Samples
at higher pyrolysis temperature (1100 ~ 1300 ºC) possess the same feature, and resistivities of
these samples were calculated from the curves.

As expected, with higher carbon concentration or higher annealing temperature (figure
32), C/SiCN sample exhibited lower resistivity. The higher carbon concentration in the SiCN
matrix supplies more conductive phase in the composite, hence increasing the conductivity, i.e.,
decreasing the resistivity. For samples pyrolysized at one temperature (figure 33), the higher
carbon concentration, higher conductivity of the composite was obtained. Given the Raman
results on these samples, the carbon cluster dissolves into the matrix and leaves more dangling
bonds which contribute to the higher conductivity.
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Figure 31: I-V curves of C/SiCN pyrolyzed at 1000 ºC. (a) C/SiCN-01, (b) C/SiCN-02, (c)
C/SiCN-03, (d) C/SiCN-04.
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Figure 32: Resistivity of C/SiCN-01, C/SiCN-02, C/SiCN-03 and C/SiCN-04 nanocomposites
pyrolyzed at temperature from 1000 ~ 1300 ºC.
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Figure 33: Resistivity of C/SiCN samples with different carbon concentration at 1000 ºC.

4.2 Impedance spectrum analysis

4.2.1 Introduction

When a voltage (or current) of sinusoidal wave form with frequency ω is applied to a
system, the resultant current (or voltage) is recorded correspondingly. Impedance Z (ohms) of
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the circuit is obtained when the system is swept in a continuous frequency range, and it can be
related using following

(4-1)

here, the impedance Z is the ac equivalent of resistance. The vector expression for ac impedance
is:

(4-2)

is the real part of the impedance vector in the direction of real axis x,

where,

imaginary part along the y axis, and j =

is the

(figure 34). These two coordinate values are easily

derived:

(4-3)

(4-4)

with the phase angle

(4-5)

The absolute magnitude of the impedance vector (modulus) can be expressed as:
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(4-6)

Figure 34: The impedance Z plotted as a planar vector.

The IS studies the intrinsic property that influences the conductivity of the materials
system or and external stimulus. The parameters derived from IS spectrum fall generally into
two categories: (a) those pertinent only to the material itself, such as conductivity, dielectric
constant, mobilities of charges, equilibrium concentrations of the charged species, and bulk
generation– recombination rates; and (b) those pertinent to an electrode–material interface, such
as adsorption–reaction rate constants, capacitance of the interface region, and diffusion
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coefficient of neutral species in the electrode itself [55]. Generally, the experimental impedance
data may be approximated by an equivalent circuit made up of resistors, capacitors, inductances
and other possible circuit elements. A resistance (R) represents a conductive path for the bulk
conductivity, a dissipative component of the dielectric response, or chemical step associated with
an electrode reaction. In the same way, capacitances (C) and inductances (L) are related to space
charge polarization and to electrocrystallization processes at an electrode. The complex
impedance of a series circuit RC is given by the combination of resistance and capacitance
(figure 35 (a)):

(4-7)

with the phase angle of

(4-8)

and the modulus is given by:

(4-9)

Similarly, the admittance of a parallel circuit (RC) given by the combination of resistance
and capacitance (figure 35 (b)):
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(4-10)

thus

(4-11)

where

(4-12)

(4-13)

Figure 35: Circuit diagram of serial (a) and parallel (b) R and C.

4.2.2 Results and discussion
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The measured response of samples pyrolyzed from 1100 to 1300 ºC over a range of
frequencies of 100 Hz and 2 MHz includes both magnitude and phase angle, which is
represented by Nyquist plot shown in figure . The x-axis records the real impedance Z', whereas
y-axis represents the negative imaginary impedance Z'', with frequency increasing from right to
left. The semicircles or arcs in the plot are usually used to describe the impedance response of
the different components in the system. ZSimpWin analysis software was used to simulate the
impedance spectra based on equivalent circuit models.

Figure 36: A universal equivalent circuit model for composite with particles/fibers distribution.

66

Before we fit the data in their equivalent circuit models, it is necessary to capture the
basic knowledge regarding it. S. Wansom et.al [56] developed a “universal equivalent circuit
model” to describe the impedance behavior of composites with conduction particles as shown in
figure 36. Each box represents a paralleled resistor and capacitor. Basically, below the
percolation point of the particles, the upper two paths agree between the simulated and measured
spectra. The uppermost path is the matrix path, where the first element plays in the unreinforced
matrix. The second element only exits with addition of insulating particles in the matrix. The
middle path accounts for the particle path, with the first element representing electrical properties
of the particle. The second element corresponds to the inter-particle current flow at high
frequencies, which is usually responsible for the low resistance at the high-frequency cusp. The
element to the right side of the middle path as well as the element at the rightmost of figure 36
accounts for the double layer respectively, of the particle and external electrode surfaces. The
bottom path is required to describe the composite beyond the percolation threshold of the
particles.
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Figure 37: Impedance spectrum of C/SiCN-01 pyrolyzed at (a) 1000 ºC, (b) 1100 ºC, (c) 1200 ºC
and (d) 1300 ºC.
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Figure 38: Impedance spectrum of C/SiCN-02 pyrolyzed at (a) 1000 ºC, (b) 1100 ºC, (c) 1200 ºC
and (d) 1300 ºC.
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Figure 39: Impedance spectrum of C/SiCN-03 pyrolyzed at (a) 1000 ºC, (b) 1100 ºC, (c) 1200 ºC
and (d) 1300 ºC.
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Figure 40: Impedance spectrum of C/SiCN-04 pyrolyzed at (a) 1000 ºC, (b) 1100 ºC, (c) 1200 ºC
and (d) 1300 ºC.

The Nyquist plot of samples pyrolyzed from 1000 to 1300 ºC is shown in figure 37 ~ 40. In
C/SiCN-01, one and two semicircles are clearly revealed in 1000 ºC and 1000 ~ 1300 ºC,
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respectively. Sample C/SiCN-02 at all annealing temperatures (figure 38) exhibits two
semicircles or arcs. The cusp between the high frequency and low frequency semicircles
decreased with elevated annealing temperature, accompanied by shrinking semicircles or arcs.
The extreme cases to prove this trend are in C/SiCN-03 (figure 39) and C/SiCN-04 (figure 40),
where we can find only one large arc for the carbon phase.

The values of circuit elements are obtained by curve fitting the impedance spectra. In this
work, we assume two impedance components exist in the composites: matrix phase (m) and
carbon phase (c). Therefore, the spectrum were fitted with the equivalent circuit (CR)(CR)
(figure 41). Each semicircle represents an equivalent circuit, which includes capacitance part and
resistance part. According to the equations (4-11 ~ 4-13), the expression of complex impedance
of C/SiCN nanocomposites is deduced as

Z' = Rm / (1 + ω2Cm2Rm2) + Rc / (1 + ω2Cc2Rc2)

(4-14)

and

Z'' = ωCmRm2 / (1 + ω2Cm2Rm2) + ωCcRc2 / (1 + ω2Cc2Rc2)
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(4-15)

However, because the semicircle is depressed, here we use constant phase element (Q)
instead of (C). Therefore, the spectrum were fitted with the equivalent circuit (QR)(QR) and the
results are listed in table 5. Figure 42 in one typical curve fitting of C/SiCN-01 annealed at 1100
ºC. The measured value (red line) is well fitted with the calculated value (green line) from the
equivalent circuit (QR)(QR). This result approved our assumption of the structure model of the
nanocomposites.

The first semicircle (high frequency) corresponds to the matrix phase, while the second
one represents the carbon phase (low frequency).The intercept with the real axis is R m + Rc. With
increasing pyrolysis temperature and/or more carbon introduced, the resistivity in the matrix
phase decreases, which is due to the higher concentration of dangling bonds in the matrix.
Simultaneously, the carbon phase plays a more importance role in the composites. Thus the
second semicircle becomes more dominant. In samples C/SiCN-03 and C/SiCN-04, only one
semicircle is shown in the impedance spectrum. The reason for this would be: a) the frequency
applied in the experiment is not high enough for the detection of the bulk semicircle; b) the
conduction is dominated by percolation behavior, so only the carbon phase displays in the
spectrum. The resistance of the carbon phase decreases continuously with higher carbon
concentration and pyrolysis temperature (table 6).
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Figure 41: Equivalent circuits for C/SiCN nanocomposites.
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Figure 42: Curve fitting of C/SiCN-01 annealing at 1100 ºC.
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Table 5: Values of equivalent circuit parameters of C/SiCN-01, C/SiCN-02, C/SiCN-03 and
C/SiCN-04 annealed in the temperature range of 1000 ~ 1300 ºC.
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Table 6: Impedance values of matrix and carbon phases of C/SiCN-01, C/SiCN-02, C/SiCN-03
and C/SiCN-04 annealed in the temperature range of 1000 ~ 1300 ºC.
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4.4 Summary

In this chapter we measured the d.c. conductivity of the four samples C/SiCN-01,
C/SiCN-02, C/SiCN-03 and C/SiCN-04 at a pyrolysis temperature of 1000 ~ 1300 ºC. Both
carbon cluster concentration and the matrix control the conductive behavior of the composites.
For example, for sample C/SiCN-03, the conductivity is increasing with higher pyrolysis
temperature, indicating more dangling bonds form in the matrix, or higher number of clusters
dissolved from the matrix. Impedance spectroscopy was also investigated for all samples in the
same temperature range. The spectrum of the four composition samples was fitted into one
equivalent circuit. Two semicircles appear in C/SiCN-01 at 1000 ~ 1300 ºC and in C/SiCN-02 at
all pyrolysis temperatures, which indicate the two phases in the composites. The decreasing
resistance on behalf of the carbon phase with increasing pyrolysis temperature indicates higher
conductivity between the carbon clusters. In samples of C/SiCN-03 and C/SiCN-04, only one
semicircle appears in the spectrum. The frequency limitation in the experiment might be one
reason for missing the high frequency semicircle. The other reason is the percolation effect, shut
out the path of matrix phase, displays only carbon phase in the case.
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CHAPTER FIVE: ELECTROCHEMICAL PROPERTIES OF C/SICN
NANOCOMPOSITES

5.1 Introduction

5.1.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a type of potentiodynamic electrochemical measurement, in
which working electrode potential is ramped linearly versus time. In a CV experiment, potential
is continuously changed as a linear function of time. The ramping rate is referred to as scan rate.
When CV reaches a set potential at the end of the first scan, the ramping direction is reversed.
Thus, the waveform is usually of the form of an isosceles triangle (figure 42). The current data is
collected between the working electrode and the counter electrode when the potential is applied
between the reference electrode and the working electrode. Figure 43 shows a typical CV of one
reversible system. By using CV, the chemical reactions that precede or follow the
electrochemical reaction are easily detected, and the electron transfer can be evaluated. Moreover,
CV is a powerful tool for the determination of reaction on the electrodes, and therefore, to
determine the reversibility. If the reaction is reversible, the forward and reverse curves are
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symmetric in peak position and height. On the contrary, with less reversibility, the asymmetric
oxidation and reduction peaks vary in different heights.

Figure 43: Cyclic voltammetry waveform.
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Figure 44: A representative cyclic voltammetry of one reversible system.

Furthermore, the available data from CV do not refer only to thermodynamic parameters,
reactive intermediates and their kinetic analysis are also included. Thus, voltammetry is
increasingly being used as a technique of studying all types of potential-dependent interfacial
processes including adsorption process [57, 58], charge-transfer reactions at semiconductor
electrodes [59] and electrocrystallization phenomena [60].
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5.1.2 Galvanostatic cyclic measurement

Galvanostatic cyclic has some similarities with cyclic voltammetry, the distinct
difference is that the charging current will not decrease with increasing interval time. Instead, a
constant current flows through electrolytic cells in coulometric titrations, disregarding changes in
the load itself. Galvanostatic charge/discharge measurement is probably the most popular
electrochemical technique for battery storage capability. Abundant information can be derived
from the galvanostatic cyclic test. Figure 44 and 45 [61] are galvanostatic charge/discharge
profiles of graphite and coke, respectively. A charge/discharge stage between 0.1 V and 0.2 V is
clearly observed for graphite in figure 44. The charge consumed in the first cycle exceeds the
theoretical value of 372 mAh/g, however, the second and following charge recovers only 85-95%
of this charge. After that, the charge/discharge efficiency is close to 100%. The discrepancy of
the capacities, designated as irreversible capacity, arise from side reactions concentrated on the
first electrochemical absorption of lithium ions. Almost all types of carbon materials suffer from
the side reaction effect, especially with the instable electrolyte participation [62, 63]. Commonly,
an electronically passivating layer, often referred to as solid electrolyte inter-phase (SEI), forms
at the electrode to prevent further reduction in the system. In this way, further lithium exchange
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is allowed shown in the chart as an irreversible plateau at a potential of about 0.8 V versus Li+ /
Li. Figure 45 is another typical charge/discharge plot of non-graphitic carbon anodes. The
distinct difference of the potential profile from graphite is no distinguishable plateaus observed
in the curves. It is a consequence of disordered structure in the materials, which is contrastive to
that of graphite, where equivalent sites account for the intercalation stage. Cokes, turbostratic
carbons and carbon blacks are classified as soft carbons or “low specific charge” carbons
because of the lower number of lithium sites available in the structure. In comparison, “high
specific charge” carbonaceous materials store more lithium with existence of different sites.
Several models and mechanisms are suggested in some literature [64-69].

Figure 46 [70] is another typical plot educed from the galvanostatic cyclic chargingdischarging test. Basically, one can intuitively observe the cycling performance and
discharge/charge efficiency of one electrode material.
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Figure 45: Constant current charge/discharge curves (1st and 2nd cycle) of a graphite (Timrex KS
44) in the electrolyte LiN(SO2CF3)2/ethylene carbonate/dimethyl carbon.
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Figure 46: Constant current charge/discharge curves (1st and 2nd cycle) of a coke (Conoco) in the
electrolyte LiN(SO2CF3)2/ethylene carbonate/dimethyl carbonate.
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Figure 47: Discharge capacities vs. cycle number of different type anodes.

5.1.3 Electrochemical impedance spectroscopy (EIS)

EIS is usually employed in studying the mechanism of electrodes reactions, SEI
formation, diffusion characteristic and even battery aging. By fitting the impedance spectra into
an equivalent circuit, we can simulate and estimate the reaction in the electrodes, including
charge transfer mechanism as well as the contribution of each component in the system.
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Figure 47 plotted the equivalent circuit for EIS of a typical Li/graphite cell. The spectrum
exhibits two overlapping semicircles and a straight sloping line. In the equivalent circuit,
represents bulk resistance of the cell, which includes combined resistance of electrodes, separator
and electrolytes.

and

account for resistance and capacitance of the SEI on the electrode

surface in the high frequency range. Meanwhile,

and

are charge-transfer resistance and

its relative double-layer capacitance, which correspond to the medium frequency. W is Warburg
impedance which reflects the diffusion of lithium ions on the electrode-electrolyte interfaces in
the low frequency end. By changing the voltages where EIS is recorded, the formation and
growth of SEI accompanied by change of

is easily studied [71].
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Figure 48: A typical equivalent circuit for the EIS of Li/graphite cell.

5.2 Experimental procedure

Electrochemical measurements were carried out using a CR2025-type coin cell. First, the
obtained C/SiCN nanocomposites were ball-milled using SPEX8000M with ZrO2 balls of 6 mm
diameter for 30 min. The 85 wt. % C/SiCN powder then was mixed 10 wt. % acetylene
conductive black and 5 wt. % polyfluortetraethylene binder. The resultant slurry was spread on a
copper foil, dried at 120 oC under vacuum, and then pressed into a disk of 9 mm in diameter to
form an anode. 1M LiPF6 in a mixture of ethylene carbonate and diethyl carbonate (volume ratio
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of 1:1) was used as the electrolyte. The anode was assembled into a half-cell battery in a glove
box using lithium foil as the counter electrode and Celgard 2000 (Celgard, Charlotte, NC) as the
separator. Galvanostatic charge (Li extraction) and discharge (Li insertion) cycles were tested
using a battery testing system (Bate Technology, China) in the voltage window of 5 mV-2.0 V
versus Li/Li+ at a current density of 40 mA/g.

5.3 Results and discussion

5.3.1 Cyclic voltammetry test

In CV, repeated scans are desired to monitor the electrochemical processes with time.
The observation of reduction and oxidation waves are useful in the investigation of electrode
processes. In our work, CV was measured with a sweep rate of 0.01 mV/s in the potential range
between 0 to 3.0 V for the C/SiCN-03 nanocomposite. The potential was swept from 3.0 V to 0
V in the forward scan and then back in the reverse scan. The forward scan corresponds to
charging, in which case Li-ions intercalate into C/SiCN nanocomposite. During reverse scan, the
current was much less and this process corresponded to de-intercalation of Li-ions, which was
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equivalent to discharging. No prominent peaks were observed in either scan, suggesting no new
phase was formed and there were no limitations in inserting/de-inserting Li-ions. Further, the
similar shape of the second scan was obtained with the reduced magnitude of current. This is
probably due to the increased resistance in the surface layer which contributed to a lower
reaction rate at the electrode/electrolyte [72]. Also the result confirms the good reversibility
discussed below. All the samples showed the similar CV curves, indicating higher carbon
concentration does not affect the reaction mechanism.

Figure 49: Cyclic voltammetry of C/SiCN-03 nanocomposite in the sweep rate of 0.1 mV/s.
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5.3.2 Galvanostatic cyclic test

5.3.2.1 Capacity and cycling performance

Figure 49 shows the voltage profiles of C/SiCN-03 nanocomposite for the first and
second cycles at a constant current of 40 mA/g between 5 mV and 2 V. The irreversible capacity
should be noted in the profile, which inevitably exists in carbon-related materials [40, 41, 44, 46].

The first discharge and charge capacities were 854 and 580 mAh/g, respectively, with an
initial columbic efficiency of 68%. This efficiency is an estimation of the quantity of discharge
captured irreversibly during the cycle. The second discharge capacity was substantially
depressed, to a value of 540 mAh/g. This loss of capacity after two consecutive charge and
discharge cycles is defined as irreversible capacity. It should be noted, as we know, the major
problem encountered in using carbon related materials as the anode in lithium secondary
batteries is based on two effects, that is incorporation of solvated lithium and the formation of a
solid electrolyte inter-phase (SEI). The irreversible reactions would inevitably occur during the
first charging period of cell operation. Both cycles of discharge and charge showed a
monotonous profile of potential vs. capacity that is consistent with CV observation. Compared to
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graphite anode, which displays a distinct plateau, most capacity is achieved at a certain voltage
around 0.2 V. The absence of plateau implies that Li-ion, continuously inserting/de-inserting
with the applied voltage, is similar to most nanostructured anode materials [61, 73, 74].
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Figure 50: The first and second cycle voltage profiles of C/SiCN-03 nanocomposite at a current
density of 40 mA/g.
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Figure 51: Constant current charge/discharge curves of C/SiCN-01, C/SiCN-02, C/SiCN-03 and
C/SiCN-04 nanocomposites in the voltage range of 0.5 mV to 2 V.
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Figure 50 shows the charge-discharge curves of different carbon contents, i.e. 10 vol. %,
20 vol. %, 27 vol. % and 36 vol. %, respectively. Figure 50 (a) shows voltage profiles of the
C/SiCN composites containing 10 vol. % carbon after st, 2nd, 5th, 10th and 20th cycles, and the first
discharge and charge capacities were 693.2 and 448.6 mAh/g, respectively, with an initial
columbic efficiency of 65%. From previous literatures [46], the pure SiCN lithium anode
materials showed a lower discharge capacity (below 44 mAh/g).

Figure 52: The charge-discharge curves of pure carbon derived from VL20.
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For comparison, the pure carbon anode materials were synthesized under the same
preparation procedure only without adding the VL20. The galvanostatic charge-discharge
potential profile is shown in figure 51. In the first cycle, the charging and discharging capacity is
only 375 and 259 mAh/g, respectively, from which a coulombic efficiency of 69% is calculated.

Figure 53: Discharge/charge capacity as a function of the cycle number for (a) C/SiCN-01, (b)
C/SiCN-02, (c) C/SiCN-03 and (d) C/SiCN-04.
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Figure 52 displays the cycle performance of the C/SiCN anode materials. It obviously
shows that the lithium storage capacity is increased with increasing carbon content from 10 vol. %
to 20 vol. %. Meanwhile the cycle property becomes more stable. For the 20 vol. % carbon
content, the C/SiCN composite delivered an initial charge capacity of 853.25 mAh/g, and the
coulombic efficiency (the ratio between charge and discharge capacities) was 68%. In the
following cycles, the capacity steadily decreased to a 479 mAh/g with coulombic efficiency of
98% at the 15th cycle. When the carbon content increased to 40 wt. %, the first discharge
capacity decreased to 812.48 mAh/g with coulombic efficiency of 67.6%, and then the capacity
decreased to 505.6 mAh/g, while coulombic efficiency (curved) reached 99% and kept at this
value thereafter. But the excess addition of carbon will decrease the lithium storage capacity. For
the pure carbon materials under the same preparation conditions, its first discharge capacity was
375.7 mAh/g with the coulombic efficiency of 69%, and then the discharge capacity decreased to
249 mAh/g at the second cycle. It was slowly decreased to 243 mAh/g at the 10 th cycle and
remained at this capacity value and coulombic efficiency of 96% thereafter.
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Figure 54: Discharge capacity of C/SiCN-03 within 25 cycles pyrolyzed from 1100 °C to
1350 °C.

Figure 53 shows the cycle performance of C/SiCN-04 nanocomposite in the temperature
range of 1100 °C and 1350 °C. The cycling performance of the elevated temperature annealed
samples remains stable after 25 cycles. The capacity reached a highest value of 460 mAh/g for
1100 °C pyrolyzed sample, followed with decreased capacity with higher annealing temperature
until 1250 °C. This trend was broken at the higher annealing temperature of 1300 °C, at which
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the capacity jumped to a higher value of 380 mAh/g compared with 300 mAh/g at 1250 °C.
Further annealing to 1350 °C reduced the capacity to only 250 mAh/g.

Figure 55: A plot of the capacity as a function of carbon cluster concentration for the C/SiCN
nanocomposites.

The effect of carbon concentration on the stable capacity of the C/SiCN nanocomposites
is illustrated in figure 54. The capacities for the pure carbon derived from pyrolysis of DVB and
the pure SiCN derived from pyrolysis of VL20 are measured to be 254 and 47 mAh/g,
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respectively. It is seen that all nanocomposites have higher capacity than the theoretical values
calculated based on the mixing rule (dash line in figure 54), suggesting the high capacity could
come from the interfaces between the carbon nanoclusters and the SiCN matrix. However, it is
also seen that the capacity increases first and then decreases with increasing carbon
concentration, which implies that the increase in the capacity may not be simply related to the
interface since the total interface area should increase with increasing carbon concentration.
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Figure 56: A plot of the extra capacity as a function of the specific interface area.
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To further illustrate this phenomenon, figure 55 plots the extra capacity (total capacity
minus the theoretical capacity calculated using the mixing rule) as a function of specific interface
area (total interface area per gram of the nanocomposites). It is seen that the extra capacity
increases linearly with the specific interface area up to a critical point and then decreases. This
result clearly demonstrates that the extra capacity is not only coming from the interface.
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Figure 57: Capacity of C/SiCN-04 at 15th cycle in the temperature range of 1100 °C and 1350 °C.
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Figure 56 plots the capacity of C/SiCN-04 at the 15th cycle in the temperature range of
1100 °C and 1350 °C. The trend is surprisingly consistent with the variation tendency of the
carbon cluster size measured by Raman spectroscopy. It further demonstrated that the lithium
insertion in the nanocomposite is closely related to the carbon cluster size but not necessarily to
the carbon concentration. A structure model explaining this phenomenon is elaborated in section
5.4.

5.3.3 EIS measurements

5.3.3.1 Structure change after Li-ion insertion/desertion
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Figure 58: Impedence spectra and equivalent circuits of the C/SiCN nanocomposites before and
after charge/discharge cycling.

The electrochemical impedance spectra measured from 100 KHz to 10 mHz before and
after lithium insertion-deinsertion cycle, and the typical Nyquist plots corresponding to the as101

assembled cell impedance and the cell after a few charge/discharge cycles are shown in figure 57.
The semicircle in the middle frequency range indicates the charge transfer resistance, relating to
the charge transfer through the electrode/electrolyte interface. The Nyquist plot of the C/SiCN
nanocomposite shows two semicircles in the high and middle frequency regions for the cycled
cell (figure 57). The occurrence of the two semicircles can be attributed to the composite
structure of the electrode with two different types of materials [75]. The semicircle at the high
frequency may be ascribed to the Li ion diffusion and charge separation at the C/SiCN interface,
and the other semicircle in the mid frequency is related to the regular charge transfer and double
layer formation at the SiCN/electrolyte interface.

5.4 Structural model of the C/SiCN nanocomposites

Based on the results and analysis above, we propose a unique structural model for the
C/SiCN nanocomposites (figure 58).
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Figure 59: Schematic showing the proposed structural model of the C/SiCN nanocomposites.

In this model, we proposed the formation of a thin layer surrounding each carbon
nanocluster that can host extra lithium ions, referred to as an effective area. When the interface
area increases (by increasing carbon nanocluster concentration and/or decreasing carbon
nanocluster size), the effective area increases, thus more lithium ion can be stored in the
nanocomposites. However, when the carbon nanoclusters are too close to each other, the
effective areas around neighboring carbon clusters start to overlap with each other to reduce the
total effective area, leading to the decrease in the storage capacity. It is instructive to estimate the
thickness of the layer. This can be done by assuming the carbon nanoclusters are uniformly
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distributed within the SiCN matrix. The interparticle spacing λ (figure 59), between the two
neighboring clusters can then be related to the volumetric fraction (fv) and size (d) of the carbon
clusters [76]:

  d(

1
f v1/ 3

 1)

(5-1)

Figure 60: Sketch of interspacing between carbon clusters.

The thickness of the effective layer can then be estimated using the data from the sample
C/SiCN-03 and C/SiCN-04. It is estimated that the thickness of the effective layer is around 0.7
~ 0.9 nm. The detailed mechanism for the existence of such an effective layer is not clear at
present. It is possibly due to the reaction between the carbon nanoclusters and the SiCN matrix to
form a layer with more sites for accepting lithium ion. Another possible reason is that the
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thermal decomposition of the VL20 surrounding DVB was affected by the existence of DVB so
that a layer of SiCN with more sites and more open structures was formed.
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Figure 61: Estimated interparticle spacing vs. capacities.
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2.1

5.5 Summary

The electrochemical properties of C/SiCN nanocomposites were investigated by cyclic
voltammetry and galvanostatic cyclic measurements. The nanocomposite with 27 vol. % carbon
cluster exhibits a highest specific capacity and excellent cycling performance. EIS was employed
to study the electrode reaction and electrode composition. Based on the electrochemical studies
on the effect of carbon cluster concentration on the capacity of the nanocomposites, a novel
structural model has been proposed to account for the enhanced storage capability of the
materials.
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CHAPTER SIX: CONCLUSION

From the above discussion, the conclusions can be drawn in the following areas:

1) C/SiCN nanocomposites with various carbon concentrations were synthesized in a
temperature range of 1000 ~ 1350 °C. XRD, SEM, TEM and Raman spectroscopy were
employed to characterize the structure of the nanocomposites. These nanocomposites consist of
SiCN matrix and free carbon phases. The carbon cluster size was calculated from the intensity of
I(D) to I(G) ratio of the Raman spectrum. The result showed the cluster size decreased with
increasing pyrolysis temperature, with an exception at 1300 °C, which grew in size probably due
to the carbon dissolved from the matrix. The carbon size shows no regular pattern of different
carbon concentration at the same temperature, which indicates the reaction in the
nanocomposites is in chemical equilibrium at that temperature and not affected by the starting
concentration.

2) The d.c conductivity of the C/SiCN nanocomposites increased with higher carbon
concentration and pyrolysis temperature. Raman result showed the cluster size of the carbon
cluster does not change largely with different carbon concentration. It indicated that with higher
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carbon concentration, more carbon clusters were distributed in the matrix, which explained the
higher conductivity. The conductivity of one sample also increased with the increasing pyrolysis
temperature. At higher temperatures, more carbon dissolved back to the matrix and introduced
more dangling bonds in the nanocomposite, hence the conductivity increased accordingly.

3) Galvanostatic cyclic tests showed the nanocomposite with 27 vol. % carbon cluster
exhibits a highest specific capacity and excellent cycling performance. A special model was
proposed to explain the high capacity of the nanocomposites. The effective layer between the
carbon cluster and the matrix account for the high capacity, and the thickness of this layer was
estimated. The EIS and Raman result both confirmed this model. Considering its simple and
economic fabrication, the material would be a very promising anode material for highperformance Li-ion batteries.
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